Introduction
In 1769, Percivall Pott described a soft subperiosteal abscess of the frontal bone related to forehead trauma and associated with underlying osteomyelitis that he called "puffy tumor." At that time, he focused his attention on the clinical significance of the diploic veins [17] , but 4 years later, he himself correlated this condition to a prior frontal sinusitis [21] . In 1879, Lannelongue demonstrated that Pott's puffy tumor (PPT) resulted from progression of frontal sinusitis to osteomyelitis with erosion through the frontal bone anteriorly, which is currently known as the main etiological factor [5, 16] . PPT is reported as rare in the antibiotic therapy era, although, despite the use of broad-spectrum antibiotics, the number of cases reported has increased in the last 15 years [19, 26, 29, 37, 40, 44] . In 2001, Guillén found about 20 cases both in adults and children [21] . However, in the same year, Bambakidis and Cohen [5] collected 21 pediatric cases from the available literature. Eleven years later, Nisa et al. found 93 scientific articles reporting 141 cases of PPT [33] . The increase in the number of reported cases may be explained by the improvement in radiological imaging, leading to more accurate diagnosis, and by physicians' increased awareness of this entity [33] as well as the reluctance to treat chronic sinusitis with antibiotic agents [26] . Intracranial complications of PTT such as epidural, subdural, and brain abscess, meningitis, and venous sinus thrombosis are observed in up to 80 % of the cases and may be life threatening, leading to devastating neurological sequelae [9, 15, 16, 34, 43] . Due to the peculiar characteristics of the condition, patients with PPT are referred to ear, nose, and throat (ENT) surgeons, neurosurgeons, and, less often, ophthalmologists. In this work, we describe six pediatric cases of PPT with intracranial involvement and discuss their neurosurgical implications and treatment.
Patients and methods
The authors studied retrospectively six pediatric patients diagnosed with PPT between 1999 and 2013. All patients were submitted to a CT scan. Baseline epidemiological characteristics as well as clinical sign and symptoms at admission were reviewed. Microbiological reports, subsequent image findings, treatment performed, and outcome were analyzed.
Results
Gender and age Five patients were male. At presentation, the age ranged from 9 to 14 years, with an average of 11.8 years.
Epidemiology Chronic sinusitis was found in five out of six patients. One presented with acute sinusitis. Two patients had sustained previous head trauma with associated frontal fracture, and one of them had history of CSF rhinorrhea and recurrent bacterial meningitis.
Signs and symptoms
The major sign at presentation was frontal scalp swelling, found in all cases (Fig. 1a) . One patient presented with a cutaneous fistula that eventually healed (Fig. 1b) . All patients also complained of headache and fever. Two patients had depressed level of consciousness, hemodynamic instability, and required ventilatory support. One patient had an epidural empyema drained elsewhere 2 weeks before admission.
Imaging All patients had a CT scan performed shortly after admission. At least two air sinuses were affected in each patient. Subperiosteal fluid collection was identified in all patients. Subperiosteal air was noted in one patient. Bony erosions of variable size were identified in all patients. Epidural empyema was detected in all patients, and one also had associated subdural abscesses. One patient had a frontal hypodense area due to a previous head trauma.
Treatment In the six cases, broad-spectrum antibiotics with anaerobic coverage were immediately started and continued from 6 to 8 weeks. Five patients underwent craniotomy for evacuation of the purulent collections with concomitant frontal sinus exenteration. A bicoronal scalp incision was performed, allowing drainage of the subperiosteal and intracranial abscesses and also an adequate treatment of the frontal sinus. Frontal bone osteomyelitis with full-thickness erosion was found in all operated patients. Variable amounts of infected bone were removed, and intraoperative samples of purulent secretion were obtained for bacteriological examination. One patient started antibiotic therapy 7 days before neurosurgical consultation, and as he improved dramatically, it was decided to continue with conservative treatment.
Bacteriology Among the surgical cases, two out of five intraoperative cultures were positive for group A beta-hemolytic streptococci. The blood culture of another patient was positive for Staphylococcus aureus.
Outcome All patients recovered fully, and no further surgical intervention to treat the infection was required. Later on, two patients underwent cranioplasty with homologous bone graft. In one patient, the posttraumatic CSF fistula was eventually repaired.
Patients' data and results are summarized in Table 1 .
Illustrative cases
Case 1 (patient 2) A 9-year-old boy, with previous diagnosis of VATER association, presented with high fever, forehead swelling, and left orbital cellulitis. There was a history of chronic sinusitis, purulent discharge from the nose, frontal headache, and pain on the left orbit starting 2 weeks earlier.
The WBC count on admission was 24,400/mm 3 , the CRP level was 18 mg/ml, and the ESR was 42 mm. CT scan of the skull and face showed pansinusitis, frontal osteomyelitis, and a bifrontal small-sized epidural empyema ( Fig. 2a-d) . S. aureus was isolated from the blood culture, and broadspectrum antibiotic therapy was started immediately. Seven days later, when the neurosurgeon was called, images and the frontal swelling had already improved dramatically. Considering the patient was stable, it was decided to continue with conservative treatment. The patient was discharged after 8 weeks of antibiotic therapy with normalization of CT scan (Fig. 2e, f) . On the follow-up, two other episodes of nasal discharge were recorded, one with headache and orbital swelling, and it subsided after antibiotic therapy.
Case 2 (patient 3) A 14-year-old boy was admitted with fever, tender scalp swelling, lethargy, neck stiffness, and peripheral vascular collapse. Two weeks before, he had had an epidural empyema drained through a burr hole at another hospital. The CT scan at admission showed pansinusitis and subdural and epidural empyemas (Fig. 3a) . The patient was put under ventilatory support, and intravenous antibiotics and vasoactive drugs were initiated. The WBC on admission was 13,600/ mm 3 , and the CRP level was 8.6 mg/ml. After clinical stabilization, he underwent a bifrontal craniotomy. A subperiosteal abscess was drained. An underlying osteomyelitis was identified, and the affected bone was removed. Group A betahemolytic streptococci was recovered from intraoperative purulent samples. Antibiotic treatment continued for 8 weeks.
The patient had a full recovery, without further complications (Fig. 3b ).
Case 3 (patient 4)
A 12-year-old boy was admitted with fever, lethargy, seizures, and tender frontal swelling. He had suffered head trauma, and a left frontal subdural hematoma had been evacuated 5 years before. Since then, he had recurrent episodes of bacterial meningitis and rhinoliquorrea. Chronic sinusitis was also reported. The WBC at admission was 8,900/mm 3 , the CRP level was 3.5 mg/ml, and the ESR was 12 mm. CT scan showed pansinusitis, orbital cellulitis (Fig. 4a) , and a huge right frontal epidural empyema plus sequelae of head trauma on the left frontal lobe (Fig. 4b) . The patient was taken to the operating room, and after a bicoronal incision, a purulent collection drained spontaneously. The frontal bone was eroded bilaterally and communicated the subperiosteal space with both the frontal sinus and the epidural space. A bifrontal craniotomy was performed, and the epidural collection was drained. The frontal sinus was treated, and the bone was not replaced. Broad-spectrum antibiotic therapy was held for 6 weeks. The culture of the purulent material was negative. The patient had an uneventful recovery, and the control CT scan was normal.
Discussion
Etiology The main etiology of PPT is frontal sinusitis, acute or chronic, and the involvement of more than one sinus is very common [8, 16, 21, 25, 33, 35, 38, 42, 45] . Forehead trauma is a predisposing factor in about 15 % of the pediatric age group [42] . Previous craniotomy or cranioplasty, mastoiditis, intranasal methamphetamine use, cocaine abuse, dental infection, hair transplantation, ethmoidal sinusitis, acupuncture, insect bite, and infected frontal sinus mucocele have been also reported as causes of PPT [6, 9, 13, 34, 38, 43, 45, 49] .
Demography PPT has been described in all age groups. It is prevalent in male adolescents, rare in preadolescents, and very rarely reported in newborns [10, 22, 33, 35, 42, 45, 48] . PPT is also uncommon in adults, and less than 40 cases have been reported in the last 40 years [2, 25, 43] . The prevalence in adolescents is explained by exposure to colds leading to sinusitis in up to 5 % of the cases and by the peculiarities of the development of frontal sinuses [21, 36, 48] . The predilection for young males is ascribed to their larger diploic veins, which makes it easier for infections to spread [12] .
Pathogenesis The frontal sinus originates from the anterior ethmoidal cells and develops between the inner and outer tables of the frontal bone while pneumatization increases. It becomes radiographically evident around the age of 8 years old, when it projects above the orbital rim. The sinus enlargement pattern is similar to that of body height development, and its peak takes place at the mean age of 15 years [39] . At that age, the valveless diploic veins also peaks [18] . PPT usually results from the spreading of frontal or ethmoidal sinusitis, leading to osteomyelitis of the frontal bone. The infection spreads either directly through the sinus wall or by means of retrograde thrombophlebitis. The anterior wall and the floor of the frontal sinus are frequently the pathway of least resistance for the infection, respectively [28] . Erosion of the external bone table results in subperiosteal abscess, while destruction of the inner table causes epidural abscess [18] . The mucosal venous drainage of f The epidural abscess also resolved after broad-spectrum antibiotic therapy. This patient was not treated surgically the frontal sinus occurs through diploic veins, which communicate with the dural venous plexus. Therefore, septic thrombi can potentially evolve from foci within the frontal sinus and propagate through this venous system. Septic thrombophlebitis is facilitated by the absence of valves in the diploic venous system and is regarded as an important cause of subdural or intracerebral abscesses as well as meningitis, cerebritis, and cortical and venous sinus thrombosis [16, 21, 38, 48] .
Presentation As seen in our series, the typical clinical presentation is that of a male adolescent with a history of frontal or pansinusitis, either acute or chronic, with frontal tender swelling and fever. The initial symptoms and signs are insidious, and the use of antibiotics may mask or delay both neurologic symptoms and signs of intracranial infections. Subperiosteal suppuration is often misdiagnosed as a primary scalp abscess, which is incised and drained [16, 21, 38, 48] . Headache and fever are commonly seen as well as purulent or non-purulent rhinorrhea [5] . Sometimes a low-grade fever resolves with the use of antibiotics as frontal swelling progresses. Orbital involvement is estimated to occur in nearly 30 % of the cases of PPT and may result in eyelid swelling, orbital cellulitis, limited eye movements, and, less often, orbital abscess [5, 8, 21, 24, 25, 30, 32, 33, 45, 46] . It can arise from direct extension, breaches of the skin barrier, or through the diploic valveless veins. Sinus cutaneous fistula [6, 20, 28, 41] and epidural cutaneous fistula, similar to our case 6, have been reported [13] and are the expression of periosteal bone erosion with discharge of purulent secretion through the breached skin of the forehead or orbital region. Sepsis with severe hemodynamic repercussion and respiratory failure may be observed, as in our cases 3 and 5. Neurological involvement is seen in 30 to 40 % of all cases of PPT and may include motor deficit, aphasia, cranial nerve palsy, seizures, visual deficit, intracranial hypertension, obtundation, and coma [5, 8, 15, 23, 45, 48] .
Diagnosis The diagnosis of PPT is made on clinical grounds. Laboratory testing may show an inflammatory syndrome with elevated WBC count and high ERS and CPR [1] . Ultrasonography can be useful in showing subperiosteal fluid collections as well as the bone defect [31] . CT scan has become the standard tool for diagnosis and identification of bone erosion [8] . CT scan usually shows involvement of more than one paranasal sinus, and the study of the orbits may demonstrate soft tissue swelling as well as infraorbital abscesses [25] . Non-enhanced images should be avoided as they may lead to false-negative results and do not provide any further valuable information [1, 8] . MRI is extremely useful in demonstrating intraorbital or intracranial involvement, leptomeningeal enhancement, small extra-axial collections, bone marrow edema, and venous sinus thrombosis [8] .
The differential diagnosis of swelling on the forehead includes skin and soft tissue infection, infected hematoma, as well as benign and malignant tumors of the skin, soft tissue, bone, and frontal sinuses [40] .
Bacteriology Streptococcus, Staphylococcus, and anaerobes are the most common microorganisms related to PPT and reflect the bacterial species responsible for sinusitis [5, 16, 35] . Anaerobic microorganisms may be more common in this setting, compared to other ear and nose infections, because of the relatively lower oxygen concentration in the frontal sinus caused by compromised patency of the sinus ostium [7, 16] . Multiple germs have been reported in up to two thirds of the cases in which culture is positive [3, 26, 33, 45, 48] . In the present series, only two out of five operated patients had positive cultures. In both, group A beta-hemolytic streptococci were isolated. Sterile cultures have been reported by many authors and may be explained by the use of antibiotics prior to surgery [21, 33, 35, 48] .
Intracranial complications Patients with PPT are at high risk for CNS complications such as subdural, epidural, or brain suppurations, as well as meningitis and sagittal or cavernous sinus thrombosis. As our series shows, epidural empyema is the most prevalent. Intracranial complications have been reported in 10 % of patients hospitalized due to frontal sinusitis and may be found in up to 80 % of children with PPT [8, 16, 33, 42] . Intracranial complications may be asymptomatic in their early stages, especially when non-eloquent areas of the brain are involved. Intracranial hypertension and acute neurological deterioration are more commonly reported in neurosurgical series [5] . This situation was also observed in two patients of our series, who also had sepsis. The association of intracranial complications and septic shock is not rare in children, and these patients must be clinically stabilized before surgery, hence the need for early diagnosis and treatment.
Treatment PPT requires quick medical and surgical intervention to prevent complications that increase morbidity and mortality. Clinical management includes intravenous administration of broad-spectrum antibiotics from 6 to 8 weeks with initial anaerobe coverage because polymicrobial infection is often observed [5, 35, 45] .
The treatment of PPT is surgical, and the approach to be chosen will depend on the extent of the infection. It ranges from external drainage of the subperiosteal collection to the wide removal of the calvarial bone and evacuation of intracranial abscesses. When the infection is confined to the sinuses, the treatment is usually performed by ENT surgeons and may include drainage of sinuses, sinusectomy, sequestrectomy, and evacuation of the subperiosteal abscess, along with intensive antibiotic therapy. Antibiotics alone seem to be ineffective, with a high rate of recurrence [31] . Looking at the literature, conservative treatment tends to fail and infection tends to recur [31, 38, 47] . Simple drainage of the subperiosteal abscess also seems to be associated to recurrence or complications from the spreading infection [25, 27] . Infection confined to the sinuses tends to be less severe, since there is no intracranial compromise, and in such cases, a frontal trephination with mucosal marsupialization [43] endoscopic approaches [2, 14] or a combination of these techniques [29, 35] may be effective. Deutsch et al. reported a successful treatment of PTT with solely endoscopic drainage, by opening and enlarging the frontal sinus outflow tract [14] . Subperiosteal abscess with underlying osteomyelitis and epidural empyema may be successfully treated without removing the affected bone [31, 49] . In some cases, when there is no bone erosion, the bone may be replaced [21] , but it should be stressed that such cases are mild, uncomplicated, or "benign" due to the lack of systemic repercussion and paucity of the intracranial findings. Our five surgical cases were more complex, with systemic repercussion, voluminous intracranial space-occupying lesions, or neurological compromise. In dealing with these cases, one has to address the forehead collection, sinus disease, bone destruction, and intracranial suppuration as well. In such cases, bone removal is mandatory, especially when it is known that the rate of intracranial complications may be as high as 80 % [16, 22] . According to some authors, bone removal may be warranted in cases of moth-eaten appearance extending for more than one half of the thickness of the bone or in cases with large areas of erosion and perforation [5] . Several reports emphasize the need of bone removal in the presence of osteomyelitis to achieve a favorable outcome and reduce morbidity and mortality [3, 4, 11, 13] . Replacement of the bone flap after drainage of suppurated intracranial collections is followed by a high rate of reoperation [21, 38, 45] . As bone removal results in a defect of the frontal region, bone reconstruction should be performed later for aesthetic reasons, with some authors suggesting the use of titanium mesh at the time of the operation [13] .
One of our cases was treated conservatively with antibiotics, and to the best of our knowledge, no further surgical treatment has been performed so far. This patient had some peculiarities, such as good general condition at admission. There was a lack of neurological signs, a small epidural abscess associated with a quick clinical recovery, and a rapid normalization of CT scans. In our judgment, this is not the usual way of managing this condition, and this option is seldom mentioned in the literature [33] . Therefore, we consider the outcome of this case as anecdotal and do not recommend this kind of treatment, once the disease could spread and lead to severe intracranial complications.
Prognosis Full neurologic recovery is expected in most patients, and the outcome is related to the severity of infection and to the delay in diagnosis [5, 8, 35, 42] . In the antibiotic era, mortality is regarded as low [45] , but rates as high as 17 % have been reported [25] . Epileptic seizures, aphasia, and paralysis are long-term sequels of this condition [16, 42] .
Conclusion
PPT has become very rare after antibiotic therapy, and major complications are now less frequent. However, the number of reported cases is still increasing, which could be explained in part by the improvement in radiological imaging and the increased awareness of physicians. Thereby, it is clear that PPT has not been eradicated and may still lead to catastrophic consequences, especially in those patients whose diagnosis and treatment have been delayed or who had had improperly treated sinusitis. A multidisciplinary treatment is required, with the involvement of pediatricians, neurosurgeons, ENT surgeons, and sometimes, ophthalmologists. The goals of PPT management are treatment of sinusitis with broad-spectrum antibiotic agents, drainage of the subperiosteal abscess, and removal of the compromised bone. The rate of an intracranial complication is regarded as high and, if present, should be also promptly treated, reducing morbidity and mortality.
